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INTRODUCTION 

The annual energy consumption of t he  US i n  1970 was  about 72 x lo1' Btu, and of  
t h i s  about 20% was used t o  fu rn i sh  process hea t .  The term "Process Heat" i s  very 
commonly used i n  a narrow sense ,  r e f e r r i n g  t o  hea t  obtained from steam b o i l e r s  a t  
temperatures up t o  perhaps 23OOC. I n  t h e  following d iscuss ion ,  process  hea t  Will  
be taken t o  inc lude  h e a t  supplied f o r  process  purposes up t o  t h e  h ighes t  temperatures 
whirh marer3al ?m?er+ io=  w i l l  y x - 4 c  

The comparative economic a t t r a c t i v e n e s s  of nuc lea r  energy a s  a source of process  
h e a t  i s  l i k e l y  t o  be sub jec t  t o  s u b s t a n t i a l  a l t e r a t i o n  i n  coming yea r s  as t h e  balance 
of energy sources changes i n  response t o  c o s t  and a v a i l a b i l i t y .  Indeed, it is c l e a r  
from t h e  l a r g e  volume of l i t e r a t u r e  published t h a t  i n t e r e s t  i n  supplying process hea t  
from nuclear  sources  i s  in tense .  However, t h e  g r e a t  bu lk  of t h i s  i n t e r e s t  has t o  do 
wi th  low temperature h e a t  and i n  p a r t i c u l a r  w i thdesa l ina t ion ,  u sua l ly  combined i n  
some way,with e l e c t r i c  power production. 
s ide rab le  a t t e n t i o n  i s  t y p i f i e d  by t h e  Agro-Industrial  Complex suggested by workers 
a t  O m .  
chemical process ing ,  b u t  genera l ly  as e l e c t r i c i t y  and n o t  d i r e c t l y  as thermal energy 
from t h e  r eac to r .  

Another concept t h a t  has received con- 

I n  such a complex, t h e  nuclear r eac to r  is  used as a source  of energy f o r  

It is evident ,  e s p e c i a l l y  i n  t h e  l a s t  few years ,  t h a t  t h e r e  is growing i n t e r e s t  
i n  d i r e c t  use of h igh  temperature thermal energy from nuclear  r e a c t o r s  a s  a source 
of process  heat.  This  is espec ia l ly  t r u e  i n  Germany and Japan, and it  is t h e  opinion 
of some t h a t  w e  are a t  the threshold o f  economic f e a s i b i l i t y  of app l i ca t ions  of 
nuc lear  energy as evidenced by the  increas ing  cons idera t ion  be ing  given t o  s o l u t i o n  
of des ign  and material problems. 

The growing shor tage  of gas  and o i l  i n  t h e  US c l e a r l y  po in t s  t o  t h e  need f o r  
major emphasis to  be placed on the  g a s i f i c a t i o n  and l i que fac t ion  of coa l .  
t h e  hea t  requirements of o i l  r e f i n e r i e s  f o r  opera t ions  such as cracking  and d i s -  
t i l l a t i o n  a r e  i n  the range of 300 t o  55OoC and could be m e t  by adapta t ion  of e x i s t i n g  
nuc lear  r eac to r s  a l though t h i s  w i l l  no t  be economically a t t r a c t i v e  u n t i l  t h e  p r i c e  
of petroleum products is  higher.  
sumption of coa l  as a source of energy i n  t h e  g a s i f i c a t i o n  process has a t t r a c t e d  
i n t e r e s t .  
is  the  endothermic r e a c t i o n  between C and H20 t o  produce CO and H2. 
r equi red  f o r  t h i s  r e a c t i o n  is i n  the  range of 1O50-115O0C and the  requi red  hea t  is 
protuced a t  the  expense of coa l .  I f  t h e  energy requirements f o r  g a s i f i c a t i o n  were 
m e t  by nuc lear  energy, t h e  consumption of c o a l  could be  l imi ted  t o  supplying the  
carbon atoms requi red  f o r  t h e  hydrocarbon synthes is .  
t h e  w o r l d ' s  coa l  and t h e  huge rate of hydrocarbon consumption t h a t  e x i s t s ,  the  
saving could be very  s i g n i f i c a n t .  

Most of 

However, t h e  use  of nuc lear  hea t  t o  reduce con- 

A key r e a c t i o n  i n  many of t h e  processes  being considered f o r  t h a t  purpose 
The temperature 

I n  v i e w  of t h e  l i m i t a t i o n s  of 

The d i s t r i b u t i o n  of manufacturing process hea t  among indus t ry  groups is  shown 
q u a l i t a t i v e l y  i n  Table 1. 
of the  demand. 

*Work done under the  auspices  of the  U. S. Atomic Energy Commission. 

The four l a r g e s t  u se r s  account f o r  about t h ree  fou r ths  
The primary metals indus t ry  group is by f a r  t h e  g r e a t e s t  consumer 
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TABLE 1 

PROJECTED HEAT CONSUMPTION BY 
U.S. MANUFACTURING INDUSTRIES I N  1967a 

Indus t ry  Group Btu x 1 0  15 X of To ta l  

Primary Metals 4.678 32 

Petroleum and Coal 

Chemical and Al l ied  

Stone, Clay, and Glass 

Products 3.522 

Products 1.614 

Products 1.256 

24 

11 

9 

Food and Kindred 
Products 0.907 6 

Paper and Al l ied  

Textile and M i l l  

A l l  Other I n d u s t r i a l  

Products 0.656 

Products 0.227 

Groups 1.692 

To ta l  14.552 

5 

2 

11 

100 
- 

(1) aAfter Ta r r i ce  

of energy and t h e  i r o n  and s t e e l  indus t ry  dominates by us ing  about 85% of  t h e  energy 
of t h e  group. The technica l  problems of supplying nuc lear  hea t  d i r e c t l y  i n  t h e  i r o n  
and steel indus t ry  are typ ica l  of t h e  problems of u t i l i z i n g  nuc lear  hea t  f o r  chemical 
processing. The energy der ived  from t h e  coke used i n  t h e  b l a s t  furnace  is  about 
equal ly  divided between that used t o  heat t h e  ore ,  l imestone and air  b l a s t ,  and that 
which acts a s  a reducing agent.  Thus, supplying t h e  needed hea t  from a nuclear  
source would decrease the  coke requirement by up t o  a f a c t o r  of two. This caq be a 
cons idera t ion  of growing importance because r e se rves  of c o a l  s u i t a b l e  f o r  making 
high qua l i ty  coke are becoming sca rce  and t h e  p r i c e  is bound t o  r e f l e c t  t he  growing 
sca rc i ty .  The temperature requi red  depends somewhat on t h e  cha rac t e r  of t he  feed 
ma te r i a l s  bu t  is  about 900'C. As w i l l  be seen, t h i s  is w e l l  above the  temperature 
t h a t  i s  ava i l ab le  from power rezlctors i n  use  today but  is wi th in  reach of some re- 
a c t o r  concepts t h a t  are under development. 

A cons idera t ion  of t h e  g r e a t e s t  importance today i n  any use  of nuclear energy 
is t h a t  l i t t l e  o r  no r a d i o a c t i v i t y  be re leased  i n t o  the  environment. Th i s  r u l e s  ou t  
processes i n  which one o r  more of t h e  r e a c t a n t s  pas s  through a nuc lear  r eac to r .  The 
most p rac t i cab le  design f o r  process hea t  r e a c t o r s  t he re fo re  employs a h e a t  t r a n s f e r  
f l u i d  contained i n  a closed loop, c i r c u l a t i n g  through t h e  r e a c t o r  and pass ing  hea t  
t o  t h e  process ma te r i a l s  by a hea t  exchanger ex te rna l  t o  t h e  r eac to r .  I n  addi t ion  
t o  confining f i s s i o n  products t o  t h e  r eac to r ,  t h i s  approach has t h e  added advantages 
of avoiding some chemical compat ib i l i ty  problems of r eac to r  f u e l  elements and core  
ma te r i a l s  wi th  t h e  process ma te r i a l  t o  which hea t  is being de l ivered ,  and of keeping 
the  processed ma te r i a l  f r e e  of induced r ad ioac t iv i ty .  The add i t ion  of a second hea t  
t r a n s f e r  system, however, does impose the  pena l ty  of increased d i f f e r e n t i a l  between 
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f u e l  temperature and t h e  temperature imparted t o  t h e  process materials. 

Not su rp r i s ing ly ,  t h e  f e a s i b i l i t y  of us ing  low t w p e r a t u r e  process  hea t  is 
dominated more by c o s t  cons ide ra t ions  than t echn ica l  problems, whi le  t echn ica l  
problems mount a s  t h e  upper l i m i t s  of r eac to r  temperature a r e  approached. 

Water-cooled Reactors 

The major focus  of power r e a c t o r  development i n  t h e  US has been on water-cooled 
r e a c t o r s  which r e l y  almost e n t i r e l y  on slow neutron induced f i s s i o n  of 235U. 
may be d iv ided  i n t o  two main ca t egor i e s ,  the  Pressur ized  Water Reactor (EWR) and 
Boiling Water Reactor (BWR). Numerous v a r i a t i o n s  of these  r e a c t o r s  have been made 
bu t ,  because the  output temperature of a l l  of them l ies i n  a r a t h e r  narrow range, 
t h e  two main c l a s s e s  w i l l  be d e a l t  wi th  i n  genera l  terms. 

These 

Following development of t h e  PtlR f o r  submarine propulsion, t h e  f i r s t  commercial 
electric power p l a n t  was put i n  opera t ion  a t  Shippingport i n  1957. This r eac to r  was 
followed by many o t h e r s  which have incorporated improvements, mostly notably an  in- 
c rease  m burn-up trom about 8 00 t o  about 33000 Mh'd/t. 
s l i g h t l y  enriched UO2 (% 3% 239U) c l ad  i n  z i r c a l l o y  o r  s t a i n l e s s  s t e e l  which pre- 
s e n t s  a b a r r i e r  t o  escape  of f i s s i o n  products.  Problems which tend t o  l i m i t  t h e  
performance o f  PWR f u e l  inc lude  f u e l  swel l ing  and f i s s i o n  gas  pressure ,  i r r a d i a t i o n  
e f f e c t s  on f u e l  and cladding, stress cor ros ion  of s t a i n l e s s  s t e e l  cladding and oxi- 
da t ion  and hydriding of z i r c a l l o y  cladding. The output  temperature is modest, 
f a l l i n g  i n  t h e  range 260° t o  35OoC, though pressures  are high, up t o  2500 p s i a  t o  
prevent bo i l ing .  Useful hea t  is  ext rac ted  from t h e  primary hot w a t e r  coolan t  loop 
through a hea t  exchanger loca t ed  i n s i d e  the  r e a c t o r  containment vessel. 
usua l  case  where e l e c t r i c i t y  i s  des i r ed ,  steam i s  generated i n  t h e  hea t  exchanger 
and supplied t o  a tu rb ine .  I f  p rocess  hea t  were des i r ed ,  t h e  steam,usually a t  % 26OOC 
and % 720 p s i  could be used t o  t r anspor t  hea t  t o  t h e  des i red  process.  Al te rna t ive ly ,  
i n  some ins ta - ' ces ,  i t  might be  d e s i r a b l e  t o  t r a n s f e r  h e a t  d i r e c t l y  f ron  the  primary 
pressur ized  water co re  coolan t  loop through a hea t  exchanger t o  one o r  more of t h e  
ma te r i a l s  t o  be processed. Safe ty  cons idera t ions  would probably determine whether 
such d i r e c t  hea t  t r a n s f e r  was acceptab le  o r  whether ins tead  a secondary hea t  t r a n s f e r  
loop between the  primary hea t  exchanger and t h e  des i red  hea t  s ink  was preferab le .  

The BWR power r e a c t o r  pro to type  was b u i l t  a t  Va l l ec i to s  and put  i n  opera t ion  

The f u e l  material is usua l ly  

In  t h e  

i n  1957. 
cladding. 
of about 1000 ps i a  and burnup is of t h e  o rde r  of 30,000 MWd/t. 

The f u e l  material of r e a c t o r s  of t h i s  type is usua l ly  U02 with z i r c a l l o y  
The output  s a tu ra t ed  steam temperature is  250' t o  3 O O O C  a t  steam pressure  

For e l e c t r i c  power genera t ion ,  t h e  steam produced i n  t h e  r eac to r  core  goes t o  
a turb ine .  
f o r  g rea t e r  s a f e t y  a g a i n s t  escape of f i s s i o n  products from t h e  core ,  a heat exchanger 
could be interposed between t h e  primary steam loop and t h e  process hea t  sink. 

I f  steam were des i red  f o r  process purposes i t  might be  used d i r e c t l y  o r ,  

There has  been s u b s t a n t i a l  i n t e r e s t  i n  t h e  p o s s i b i l i t y  o f  superheating the  steam 

These e f f o r t s  have r e s u l t e d  i n  output temperatures i n  t h e  range 440' t o  
produced by BWR r e a c t o r s  i n  o rde r  t o  increase  t h e  e f f i c i ency  of t u rb ine  power gen- 
e ra t ion .  
580°C, a very  s i g n i f i c a n t  increase .  
f u e l  cladding is  subjec ted  a r e  more severe than i n  t h e  bas i c  PWR and BW.9. Radistion 
damage, a t t a c k  by oxygen from r a d i o l y s i s  and depos i t  of ch lo r ides  on t h e  cladding 
occur ,  wi th  t h e  r e s u l t  t h a t  no f u l l y  s a t i s f a c t o r y  c ladding  has been adopted. 

However, t he  cor ros ion  condi t ions  t o  which t h e  

A v a r i a n t  of t h e  water cooled r eac to r  which has been the  ob jec t  of s eve ra l  ex- 
perimental  r e a c t o r s  i s  that of us ing  an organic  coolan t .  
used has been terphenyl,  a c y c l i c  hydrocarbon whose bo i l ing  po in t  i s  213°C a t  at- 
mospheric pressure .  The b o i l i n g  po in t  being g rea t e r  than that of water,  t he  pos- 
s i b i l i t y  of s i g n i f i c a n t  superhea t ing  of steam I s  offered .  

The pr inc ipa l  compound 

Organic compounds 
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i nev i t ab ly  decompose under hea t  and i r r a d i a t i o n ,  and though te rphenyl  decomposes 
slowly, provis ion  f o r  removal of decomposition products must be made. In  addi t ion ,  
t h e  thermal conduct iv i ty  and hea t  t r a n s f e r  c h a r a c t e r i s t i c s  of coolan ts  of t h i s  type 
a r e  poor. The r e l a t i v e l y  non-corrosive cha rac t e r  of t h e  organic  coolan ts  has per- 
mi t ted  more l a t i t u d e  i n  choice  of f u e l  and c ladding  than i n  water cooled r eac to r s ,  
al though magnesium and a l l o y s  undergo in t e rg ranu la r  a t t a c k  and i r o n  is n o t  satis- 
fac tory .  The hydride forming metals,  i . e . ,  Z r ,  Nb and Ta, are cont ra indica ted ,  but 
aluminum and s t a i n l e s s  steels a r e  not  a t tacked .  Both UO2 and a uranium metal a l l o y  
have been used a s  f u e l s .  
400°C is regarded a s  an  upper l i m i t  set by coolan t  decomposition. 

C02 Cooled Reactors 

Output temperatures have ranged from 250' t o  375°C and 

The B r i t i s h  and French nuc lear  power r e a c t o r  programs a r e  based on CO2 cooled, 
g raph i t e  moderated r e a c t o r s  us ing  me ta l l i c  n a t u r a l  uranium f u e l  with a magnesium 
a l l o y  cladding, Magnox. This i s  a Mg a l loy  conta in ing  0.8% A l ,  0.008% Ca, 0.002X- 
0.05% Be, and 0.006% Fe. The B r i t i s h  Calder H a l l  r eac to r s  began opera t ion  in 1956 
and a t o t a l  of about 35 such r e a c t o r s  have been b u i l t .  Reactors of t h i s  type  a r e  
conserva t ive  i n  design and have operated wi th  ve ry  low f u e l  element f a i l u r e  r a t e .  
An inherent  and important l i m i t a t i o n  i s  that the p r a c t i c a l  l i m i t  of r e a c t o r  output 
temperature is about 5OO0C, because of ox ida t ion  of the  c ladding  by C02. The core  
output  temperatures of t h i s  and o the r  types of r eac to r  a r e  compared(2) i n  Fig. 1. 
Indeed, t h e  melting po in t  of t he  cladding is  about 645'C and, i n  add i t ion ,  uranium 
undergoes a phase change from a t o  t h e  lower dens i ty  f3 at about 665OC. 
wi th  t h e  f u e l  have been mainly; 

Problems 

a )  i r r a d i a t i o n  induced creep of the  uranium f u e l  a t  low temperature and 
thermal c reep  a t  higher temperature. 

Swelling of t h e  uranium a t  high temperature because of agglomeration 
of f i s s i o n  gas bubbles. 

Deformation of high temperature p a r t s  by mechanical load because of 
proximity t o  mel t ing  temperature. 

In  1963 the B r i t i s h  Advanced Gas Reactor (AGR) a t  Windscale began opera t ion .  

The f u e l  element temperature l i m i t a t i o n s  of t h e  

b) 

c )  

This i s  a higher temperature modification of t h e  C02 gas cooled r eac to r  lead ing  t o  
more e f f i c i e n t  power generation. 
Calder H a l l  r eac to r  were s i g n i f i c a n t l y  r e l i eved  by t h e  s u b s t i t u t i o n  of U02 f o r  
uranium metal and of s t a i n l e s s  steel cladding f o r  t h e  magnesium a l l o y .  
less steel a l l o y ,  conta in ing  20% C r ,  25% N i ,  resists oxida t ion  by C02. 
s t a i n l e s s  s t e e l s  and n i cke l  a l l o y s  undergo l o s s  of d u c t i l i t y  as a r e s u l t  of neutron 
i r r a d i a t i o n .  
range 500' t o  575'C and burnup t y p i c a l l y  10000 MWdlt. 
hea t  is t r ans fe r r ed  through a hea t  exchanger t o  steam f o r  t u rb ine  opera t ion .  I f  it 
were des i red  t o  use  the  output hea t  f o r  process purposes, t h e  cons idera t ions  would 
resemble those applying t o  the  PWR. 

Na Cooled Moderated Reactors 

The s t a in -  
However, 

The output  gas temperature of t h i s  type o f  r eac to r  has been in  t h e  
For electric power generation, 

The concept of a sodium-cooled g raph i t e  moderated r eac to r  was explored I n  two 

The out- 
r eac to r s ,  t h e  SRE being a r eac to r  experiment and t h e  Hallam reac to r  which was b u i l t  
t o  demonstrate f e a s i b i l i t y  of t h e  concept f o r  e l e c t r i c  power generation. 
pu t  temperatures achieved were i n  t h e  range 500' t o  65OoC. 

The f u e l  elements t e s t ed  were of s eve ra l  types  a l l  using 304 s t a i n l e s s  s t e e l  
cladding. The Hallam reac to r  used a f u e l  a l l o y  cons i s t ing  of somewhat enriched u 
and 10  w t %  Mo wi th  Na thermal bond t o  the  cladding. This type of r e a c t o r  has not  
been pursued f u r t h e r .  
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Breeder Reactors 

Consideration of t h e  need f o r  and f e a s i b i l i t y  o f  supplying high temperature 
process hea t  i n  t h e  y e a r s  ahead must take  i n t o  account what appear t o  be emerging as  
the  important f a c t o r s  i n  t h e  energy supply s i t u a t i o n  t h a t  we are moving i n t o .  
r e l a t i v e l y  sho r t  term t h e  decreas ing  a v a i l a b i l i t y  and accompanying inc rease  in  p r i c e  
of o i l  and n a t u r a l  gas sugges t  looking t o  c o a l  and nuc lear  energy. 
f a c t o r s  no t  always c l e a r l y  apprec ia ted  a re :  a )  t h e  l i m i t a t i o n s  of c o a l  supply i f  t h e  
burden o f  s u b s t i t u t i n g  f o r  o i l  and gas  i s  thrown on coa l ,  and b) t h e  l i m i t a t i o n s  of 
t h e  US' and the  world's supp l i e s  of low cost uranium. The f i r s t  f a c t o r  sugges ts  that 
a s h i f t  from o i l  and gas  t o  c o a l  should not be looked upon as a long term so lu t ion  t o  
t h e  energy supply problem and t h a t  even w i t h  our b e s t  e f f o r t s  t h e  development o f  l a r g e  
scale nuc lea r  and o the r  energy sources  i s  un l ike ly  t o  occur before i t  is  badly needed. 

I n  t h e  

Two important 

Let u s  consider t h e  l i m i t a t i o n s  of uranium supply, Table 2. The nuc lear  power 
f a r  pu t  i n t o  opera t ion  a l l  d e r i v e  roughly 2/3 of t h e i r  energy from f i s -  r e a c t o r s  

s ion  of 25%, l eav ing  nea r ly  unused the  99.3% of t h e  energy p o t e n t i a l  of uranium 

moderated r eac to r s .  F igu re  2 shows a pro jec t ion  of t h e  consumption r a t e  €o r  23fU i n  
t h e  US and t h e  consequent r i s i n g  p r i ce .  
o r e s  l eads  t o  r ap id ly  r i s i n g  c o s t  of uranium even In t h e  r e l a t i v e l y  near term. This 
problem has led t o  t h e  l a r g e  amount o f  e f f o r t  expended over many yea r s  i n  the.US and 
t h e  world on development of breeder r e a c t o r s  t o  convert  238U i n t o  t h e  f i s s i o n a b l e  
239Pu while de l ive r ing  u s e f u l  energy. 
production from thermal r e a c t o r s  us ing  235U t o  r e a c t o r s  of t h e  breeder type is  ex- 
pected t o  reduce t h e  p r i c e  rise of uranium wi th  t i m e  a s  shown in  Fig.  2. 
t h e  smal l  amount of uranium used r e l a t i v e  t o  t h e  amount of energy r e l eased  will ren- 
d e r  t he  c o s t  of energy q u i t e  i n s e n s i t i v e  t o  t h e  c o s t  of uranium ore .  Although f i s -  
s ion  of thorium does no t  occur e a s i l y ,  thorium can b e  converted i n  nuc lear  r e a c t o r s  
i n t o  t h e  r ead i ly  f i s s i o n a b l e  233U a s  shown i n  Table 3. 
t h a t  t he  world's  supply o f  thorium, although not  accu ra t e ly  known appears t o  be  a t  
least  comensura t e  wi th  t h e  uranium supply. 
p l ace  b e s t  with a neut ron  f l u x  of thermal v e l o c i t i e s  and t h e  high temperature gas  
cooled r e a c t o r s  (HTGR's) belong t o  t h i s  c l a s s  of r eac to r s .  I n  r e a c t o r s  of t h i s  type, 
t h e  p a r t i a l  conversion of 232Th t o  232U r e s u l t s  i n  high burnup and reduces f u e l  cos t .  
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Clear ly ,  the deple t ion  of cheaper uranium 

The a n t i c i p a t e d  s h i f t  of t h e  burden of power 

Furthermore, 

It i s  the re fo re  important 

The conversion of 232Th i n t o  233U t akes  

TABLE 2 

Pr ice  of Uranium Concentrates Tons of  Uranium Resources 
a t  t h i s  o r  Lower P r i cea  $/pound U,O, a "  

8 
10 
15 
30 
50 

100 

594.000 
940,000 

1,450,000 
2,240,000 

25,000,000 
10,000,000 

'AEC Report WASH 1098(3) 

The conversion of 238U t o  239Pu does not  t ake  p l ace  t o  a l a r g e  degree w i t h  
thermal neutrons i n  h ighly  moderated r e a c t o r s  such as a r e  used f o r  power production 
today bu t  r equ i r e s  a f a s t  neutron population, 1.e.. a f a s t  r eac to r .  Several  types 
of breeder r eac to r s  a r e  be l ieved  t o  b e  poss ib l e  but  a l l  must have high burn-up, of 
t h e  o rde r  of l o 5  EIWdlt, i n  order  t o  achieve low f u e l  cos t .  
of breeder r eac to r  are t h e  liquid-metal cooled f a s t  breeder r eac to r  (UIFBR), the 
gas-cooled f a s t  breeder r e a c t o r  (GCFR), and t h e  molten s a l t  breeder r eac to r  (MSBR). 

The most important types  
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I 

The f i r s t  two a r e  Pu breeders  and t h e  l a s t  i s  a moderated r eac to r  us ing  the  thorium 
breeding cyc le .  
a c t o r s  have been b u i l t  i n  t h i s  country and o the r  count r ies ,  no tab ly  Russia,  England, 
and France. 

The f i r s t  type i s  favored i n  t h e  US and seve ra l  experimental re- 

The breeder f u e l  genera l ly  conta ins  i n i t i a l l y  about 85 w t X  U and 15 W t X  plutonium 
t o  provide a f i s s ionab le  f u e l  f o r  s t a r tup .  A v a r i e t y  of f u e l  compositions has been 
considered, inc luding  metal  a l l o y s  of U and Pu, as w e l l  as UO2-PuO2, UC-PuC and UN-PUN. 
Of these,  UO2-PuO2 has been t h e  p r inc ipa l  choice,  i n  pa r t  because of i t s  high melting 
po in t  and good compat ib i l i ty  with cladding and coolan ts ,  good f i s s i o n  product re ten-  
t i o n  and r e l a t i v e  to le rance  of i r r a d i a t i o n .  
considered including mainly s t a i n l e s s  s t e e l s  a s  w e l l  a s  n i c k e l  a l l o y s  and zirconium 
a l loys .  I f  t h e  r eac to r  i s  operated a t  a u se fu l  power dens i ty ,  t h e  low thermal con- 
d u c t i v i t y  of UOp r e s u l t s  i n  approach t o  t h e  mel t ing  poin t  of UO a t  t h e  f u e l  element 
c e n t e r l i n e  and t h i s  l i m i t s  r eac to r  opera t ing  temperature. Carbfde f u e l s  have higher 
thermal conduct iv i ty  and g rea t e r  metal  atom dens i ty  and r eac to r s  u s ing  them would be 
expected t o  have shor t e r  Pu doubling time. There i s ,  however, less experience w i t h  
high i r r a d i a t i o n  of carb ide  f u e l s  than with oxide fue l s .  

Several  cladding ma te r i a l s  have been 

Several  experimental  breeder r eac to r s  have been t e s t ed  wi th  output temperatures 
ranging from 320'C i n  t h e  case of t he  EBR-1 t o  t y p i c a l l y  400' t o  6OO0C, Fig. 1. 
s tud ie s  have been made which would lead t o  a somewhat higher output temperature of 
650'C. 
come i n t o  use  f o r  power generation i n  the  80 ' s  is l i k e l y  t o  be  l imi t ed  t o  t h i s  range. 
Presumably a l a t e r  genera t ion  of breeder r e a c t o r s  might be adapted f o r  t h e  production 
of process hea t .  
that it would probably prove necessary t o  in t e rpose  a secondary N a  loop between t h e  

Some 

The output temperature of Na cooled LMFBR's of t he  kind t h a t  are expected t o  

The N a  coolant of t h e  LMTBR i s  so s t rong ly  ac t iva t ed  by neutrons 

TABLE 3 

TIIE PRINCIPAL FUEL BREEDING REACTIONS 

Uranium Breeding Cycle 

92u238 t * 92u 239 

239 
U239 + 93NP + B- (ha l f - l i f e :  24 min.) 92 

239 
93Np239 + 94'' + B- (ha l f - l i f e :  2.3 days) 

Pu239+ + Fis s ion  Products + xoq' (x > 2 )  94 

Thorium Breeding Cycle 

gOTh232+ -+ 90 Th233 

-+ glPa233 + 6- (ha l f - l i f e :  22 min.) Th233 
90 

233 U233 + 6- (ha l f - l i f e :  27 days) 91Pa + 92 

u233 + + Fis s ion  Products + Yorl' (Y > 2) 
92 
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primary loop and t h e  p rocess  hea t  s ink .  I n  f a s t  r e a c t o r s  of t h e  gas  cooled type,  
the helium core  coolan t  i t s e l f  does  not become rad ioac t ive  from neutron bombardment. 
The r a d i o a c t i v i t y  l e v e l  of t he  coolan t  r e s u l t i n g  from f i s s i o n  products leak ing  from 
t h e  f u e l  and from a c t i v a t i o n  of impur i t i e s  i n  the  gas might be  kept low enough t o  
p e r m i t  t r a n s f e r  of hea t  d i r e c t l y  t o  steam or t o  some ma te r i a l  t o  be processed. 

Gas Cooled Noderated Reac tors  

The h igh  temperature gas-cooled type of r ea f to r ,  HTGR, cooled by helium is pre- 
eminent by a w i d e  margin a s  a p o t e n t i a l  source of high temperature process  hea t .  
The output  temperature achieved extends upward from 75OoC, f o r  Peach Bottom and 
785'C f o r  F t .  S t .  Vrain,  both intended f o r  e l e c t r i c  power generation, to  1300'C f o r  
t h e  u l t r a  h igh  temperature r e a c t o r  experiment (UHTREX), Fig. 1. Hot helium a t  
2, 75OoC, passing through a hea t  exchanger, w i l l  genera te  steam a t  t h e  h ighes t  tem- 
pe ra tu re  and pressure  t h a t  a modern steam tu rb ine -e l ec t r i c  genera t ing  p l an t  can use. 
I f  it is des i red  t o  use  t h e  hea t  from t h e  HTGR f o r  process  purposes, then a choice 
e x i s t s  between a) i n t e rpos ing  a secondary hea t  t r a n s f e r  loop between t h e  primary 
hea t  exchanger and t h e  des i r ed  heat s ink  and b)  c i r c u l a t i n g  one o r  more of t h e  pro- 
L ~ D D  UUIL~L~LB i i s r c r i y  c'nrougn cne primary near: excnanger. m general ,  tne  nigner 
t h e  ope ra t ing  temperature l e v e l  t h e  more s t r i n g e n t  t h e  l i m i t a t i o n s  on choice of 
m a t e r i a l s  of cons t ruc t ion  and f o r  temperatures i n  excess of % 750'C the  cos t  of t hese  
m a t e r i a l s  becomes of i nc reas ing  importance. 
t i o n s  i n  t h i s  regime are j u s t  beginning t o  be explored. 

The p o t e n t i a l  f o r  process  hea t  applica- 

This type  of thermal neut ron  r eac to r  employs g raph i t e  as moderator and a gra- 
p h i t e  f u e l  element w i th  f i s s i o n a b l e  f u e l  p a r t i c l e s  d i spersed  i n  it. 
chemically i n e r t  helium as coolant  avoids problems of chemical r e a c t i o n  of coolan t  
wi th  f u e l  and t o  a l a r g e  ex ten t  wi th  s t r u c t u r a l  m a t e r i a l s  in t h e  core.  The com- 
p a r a t i v e  absence of neut ron  absorbers i n  t h e  core ,  which e s s e n t i a l l y  conta ins  only 
f u e l  and moderator, permi ts  high s p e c i f i c  power and very  high burnup. 
i n  r e a c t o r s  of t h i s  class, l o 5  Mwd/t i n  the  case  of F t .  S t .  Vrain, promises f u e l  
economy. 

Use of t h e  

The burnup 

235" The f u e l  elements a r e  based on t h e  thorium t o  233U conversion cyc le ,  with 
present  a s  t h e  s t a r t -up  f u e l .  
degree of f u e l  u t i l i z a t i o n  and lowest power c o s t  of any thermal neutron r eac to r  
system. 

Subs tan t i a l  conversion he lps  t o  achieve  t h e  h ighes t  

With v a r i a t i o n s  of d e t a i l e d  s t r u c t u r e ,  t h e  f u e l  elements of HTGR's are based on  
t h e  use  of coated f u e l  p a r t i c l e s  contained i n  graphi te .  
been expended in developing p a r t i c l e  coa t ings  and measuring t h e i r  performance. 
bas i c  reason for coa t ing  t h e  f u e l  is t o  impede t h e  r e l e a s e  of f i s s i o n  products t o  
t h e  coolan t  gas stream. Although at t h e  h ighes t  opera t ing  temperatures i t  is  no t  
poss ib l e  t o  completely r e t a i n  f i s s i o n  products,  t h e  r a t i o  of f i s s i o n  product atoms 
re leased  t o  those born has been improved a g r e a t  dea l .  The p a r t i c l e s  used i n  t h e  
F t .  S t .  Vrain reac tor  are c a l l e d  TRISO pa r t i c l e s . (4 )  The co re  of a f i s s i l e  p a r t i c l e  i s  
about 200 u m  i n  diameter and c o n s i s t s  of (Th,U)C2 i n  an atom r a t i o  of 4.25 Th to  1 U. 
It is  covered f i r s t  wi th  a low dens i ty  l aye r  of pyrocarbon about 50 u m  t h i c k  which 
provides void volume t o  accomoda te  gaseous f i s s i o n  products,  fu rn i shes  a cushion 
t o  a l low f o r  thermal expansion mismatch of co re  and coa t ing ,  and p r o t e c t s  t he  ou te r  
l a y e r s  of coa t ing  s u b s t a n t i a l l y  from damage by r e c o i l i n g  f i s s i o n  fragments. 
l a y e r  of h igher  dens i ty  i s o t r o p i c  pyrocarbon g r e a t l y  slows the  release o f  iod ine ,  
t e l l u r ium and noble gas f i s s i o n  products.  A t h i r d  l aye r  of p y r o l y t i c a l l y  deposited 
S I C  about 20 pm t h i c k  a c t s  a s  a ve ry  e f f e c t i v e  d i f f u s i o n  b a r r i e r ,  g r e a t l y  improving 
t h e  r e t e n t i o n  of metal  f i s s i o n  products,  no tab ly  C s ,  Ba and Sr.  
p l e t ed  by an outer  l a y e r  of i so t rop ic  pyrocarbon about 20 urn i n  th ickness .  F e r t i l e  
Particles f o r  t h i s  r e a c t o r  con ta in  400 pm diameter cores  o f  ThC2 with t h e  same 
coa t ings  as f u e l  p a r t i c l e s .  

A g rea t  d e a l  of e f f o r t  has 
The 

A 20 urn 

The coa t ing  is  com- 



\ 

49 

Several ways of exp lo i t i ng  the  improved r e t e n t i o n  of f i s s i o n  products  are open. 
In r eac to r s  designed t o  opera te  a t  temperatures below ?r 1300°C where f i s s i o n  product 
leakage is very small ,  f i s s i o n  product cleanup in t he  c i r c u l a t i n g  coolan t  may be 
minimized. 
t en t ion  t o  f a c i l i t a t e  opera t ion  a t  higher temperature without i ncu r r ing  t h e  need for 
an ex tens ive  gas cleanup system. 

Al te rna t ive ly ,  advantage may be taken of the  good f i s s i o n  product re- 

The Ul t ra  High Temperature Reactor Experiment (UHTREX) y ie lded  an output  gas 
temperature of 13OO0C which is seve ra l  hundred degrees higher than any o the r  r eac to r  
of t h e  HTGR type,  Fig. 1. The purpose of t he  r e a c t o r  was t o  demonstrate t he  c a p a b i l i t y  
of t h i s  type of r eac to r  f o r  producing power and high temperature process  hea t .  
f u e l  elements were unclad g raph i t e  conta in ing  coated UC2 p a r t i c l e s .  
t h e  unique capab i l i t y  of permi t t ing  r e f u e l i n g  without i n t e r rup t ion  of f u l l  power 
opera t ion .  
t inuous ly  removed by a coolan t  gas p u r i f i c a t i o n  system. 
minated i n  1970 hecause of s t r i n g e n t  budget l i m i t a t i o n s .  

The  
This r eac to r  had 

There was some f i s s i o n  product escape from the  f u e l  and t h i s  was  con- 
The UHTREX p r o j e c t  was t e r -  

The Rover p ro jec t  f o r  developing a nuc lear  powered rocket  engine pointed a way 
toward a type of very high powered dens i ty  gas-cooled r eac to r  capable o f  s t i l l  higher 
output temperature. These r e a c t o r s  were intended t o  hea t  high pressure  hydrogen t o  as 
high temperature a s  f e a s i b l e  be fo re  allowing it t o  expand through a de Lava1 nozzle t o  
produce t h r u s t .  Operating temperatures of 2300 t o  2500'C were achieved i n  r eac to r  tests. 
The opera t ing  dura t ion  required w a s  from 1 t o  10  h depending upon t h e  choice  of mission. 
The funding of t h i s  p ro jec t  w a s  terminated in e a r l y  1973. 
extremely f a s t  with decrease in temperature and t h i s  sugges ts  t h e  c a p a b i l i t y  of such 
a reac tor  t o  opera te  f o r  a year o r  more at s u b s t a n t i a l l y  higher temperatures than 
HTGR's .  The f u e l  used in t he  l a s t  Rover r eac to r  t e s t ed  was a composite of graphi te  
and uranium-zirconium carb ide  so l id-so lu t ion  with t h i n  zirconium carb ide  coa t ing  t o  
r e s t r a i n  cor ros ion  by t h e  hydrogen but  no a t t e n p t  was made t o  con ta in  f i s s i o n  products 
and in f a c t  s u b s t a n t i a l  r e l e a s e  occurred. Some experimental f u e l  elements cons i s t ing  
s o l e l y  of uranium zirconium carb ide ,  subs to ich iometr ic  i n  carbon, were a l s o  evaluated 
f o r  poss ib le  use a t  higher t empaa tu res  and longer l i f e .  
i n  t h e  f u e l  i s  a requirement. these  carb ide  and carbide-graphite composite f u e l s  a r e  
not  w e l l  su i t ed  fo r  use  i n  a process heat r eac to r .  
fue l s ,  such as would be s u i t a b l e  f o r  a process hea t  r eac to r ,  were a l s o  successfu l ly  
t e s t ed  in  Rover r eac to r s  up t o  temperatures of 230OOC f o r  a dura t ion  of one hour. 
A s  in the  case of UHTREX, t h e r e  was s u b s t a n t i a l  f i s s i o n  product escape from t h e  fue l .  

Reactor l i f e t i m e  inc reases  

I f  f i s s i o n  product r e t e n t i o n  

Coated f u e l  p a r t i c l e  loaded g raph i t e  

Economic Cons idera! ions 
The l a r g e  grovth of t he  nuclear r e a c t o r  indus t ry ,  which has  taken p lace  desp i t e  

t he  problems and de lays  of l i cens ing ,  s i t i n g ,  cons t ruc t ion ,  and financing, is due 
t o  the  highly favorable economic pos i t i on  of nuc lear  power today. Nuclear f u e l  
c o s t s  a r e  very low (roughly t h e  same as coa l  i n  t h e  Four Corners a rea  of New Mexico 
on an equal Btu bas i s )  and t h i s  is t he  primary j u s t i f i c a t i o n  f o r  t h e  nuc lear  indus t ry .  
Furthermore, cur ren t  p ro jec t ions  of f u e l  c o s t s  suggest t h a t  t he  advantage of nuclear 
power w i l l  increase  i n  t h e  fu tu re .  Nuclear p l a n t s  a r e  somewhat more c o s t l y  t o  bui ld  
than o the r  c e n t r a l  s t a t i o n  e l e c t r i c a l  generating s t a t i o n s ,  but no t  enough s o  t o  
overcome t h e i r  advantageous economic pos i t ion .  
c a p i t a l  is held cons tan t ,  once a p lan t  is b u i l t ,  the  economic pos i t i on  of a nuclear 
r eac to r  improves with time (in a c l imate  of e sca l a t ing  f u e l  c o s t s )  relative t o  o the r  
systems with a lower f r a c t i o n a l  cap i t a l i za t ion .  

Since the  annual f ixed  charge f o r  

Since nuclear r eac to r s  have only been b u i l t  f o r  c e n t r a l  s t a t i o n  e l e c t r i c a l  power 
use,  we can only meaningfully compare t h e i r  cos t  with t h a t  of similar f o s s i l  fueled 
p lan ts .  
e sca l a t ion ,  allowance f o r  funds during cons t ruc t ion .  contingency, taxes  and u t i l i t y  
adders) f o r  var ious  p l an t s  assuming s t a r t u p  in 1981: 

This i s  done i n  the  following t a b l e  which lists c a p i t a l  c o s t s  (exclusive of 
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Nuclear (LWR) Coal* 

Capi ta l  c o s t ,  $ / h e  305 177 270 

Capi ta l  c o s t ,  S / h t  99 7 1  108 

*with SOp scrubbers .  

It is d i f f i c u l t  t o  s epa ra t e  the  f r a c t i o n  of t h e  c o s t  of t hese  p l an t s  which can 
be charged t o  the nuc lear  r e a c t o r  and i t s  a s soc ia t ed  sh ie ld ing .  bu i ld ing ,  r e fue l ing  
equipment, e l e c t r i c a l  equipment, p ip ing  and mechanical systems ( the  "nuclear island").  
One d e t a i l e d  es t imate  s tud ied  i n d i c a t e s  t h a t  t h e  f r a c t i o n  of t he  t o t a l  cos t  a t t r i -  
butab le  t o  t h i s  i s  roughly 40%. 
nuc lear  hea t  would be  40 dol la rs /kw (thermal).  Addition of e sca l a t ion  (5% f o r  equip- 
ment, 3% f o r  mater ia l s ,  8% f o r  l a b o r ) ,  allowance f o r  funds dur ing  cons t ruc t ion  (AFDC, 
8X/year), u s e  and s a l e s  t axes ,  and u t i l i t y  c o s t  adders  ( s t a r t u p ,  l i cens ing ,  t r a i n i n g ,  
proper ty  t axes ,  a d n i n i s t r a t i o n ,  consu l t an t s ,  insurance,  genera l  p l a n t  and spares, 

80 dol la rs /kw (thermal) f o r  a t y p i c a l  8.6 year phased cons t ruc t ion  schedule. I f  
one assumes a 16% annual f ixed  charge r a t e  and a 0.85 u t i l i z a t i o n  f a c t o r ,  t he  ne t  
c o s t  of energy a t t r i b u t a b l e  only t o  t h e  cos t  of c a p i t a l ,  is roughly 50 cents /mi l l ion  
Btu f o r  a nuclear p l an t .  

On t h i s  bas i s ,  a rough e s t ima te  of t he  cos t  of 
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The pro jec ted  c o s t  of f u e l  i n  t h e  fu tu re  is as follows: (cents /mi l l ion  Btu). 

Nuclear Coal 
( L W  - O i l  (Northeast U.S.) 

(1973) 17  75 45 

1985 27 163 91 

1995 38 272 140 

15 year l eve l i zed  30 189 99 
(1981-1996) 

These comparisons i n d i c a t e  t h a t  nuclear hea t  w i l l  be  an  inc reas ing ly  good buy i n  
the  fu ture .  
(PWR's and BWR's) which a r e  the  on ly  types of r e a c t o r s  f o r  which experience i s  
ava i l ab le .  P ro jec t ions  f o r  HTGR c a p i t a l  p l an t  c o s t s  a r e  s l i g h t l y  higher (20%) than 
f o r  LWR's, on an equal Btu bas i s ,  although the  h igher  temperature may make t h e  heat 
more va luable  fo r  some app l i ca t ions .  The pro jec ted  HTGR f u e l  cyc le  cos t s  a r e  roughly 
equal ,  on a n  equal Btu b a s i s ,  t o  those  of t h e  LWR. Lack of experience i n  f u e l  fabr i -  
ca t ion  and reprocessing c r e a t e s  some uncer ta in ty  i n  t h e  es t imates .  

The va lues  l i s t e d  f o r  nuclear hea t  a r e  based on l i g h t  water r eac to r s  

The Question of P l a n t  S i ze  

The foregoing economic va lues  a r e  based on a p l an t  t h a t  genera tes  % 3600 MWt.  
While f u e l  cycle c o s t s  a r e  roughly independent of p l an t  s i z e ,  t h e  c a p i t a l  cos t  v a r i e s  
roughly a s  t h e  p l a n t  s ize  t o  the  0.42 power. Thus one is led  t o  very l a r g e  r eac to r  
s i z e s  because of economic considerat!.ons. The AEC c u r r e n t l y  l i m i t s  t he  s i z e  t o  
3600 M W t  u n t i l  more exper ience  is gained, however even l a r g e r  s i z e s  may come i n  the  
fu tu re .  Few process hea t  app l i ca t ions  lend themselves to such l a r g e  s i z e  u n i t s  and 
smaller u n i t s  w i l l  c e r t a i n l y  incu r  a c o s t  penalty.  

Hydrogen a s  an Energy Di s t r ibu t ion  Medium 

One approach t o  t h e  problem of r eac to r  p l an t  s i z e  which seems a t t r a c t i v e  i s  t o  
convert  the  nuclear energy t o  a more s u i t a b l e ,  t r anspor t ab le  and convenient form and 



51 

then d i s t r i b u t e  t h i s  go-between energy t o  i t s  multi tudinous end use r s .  
very  a t t r a c t i v e  medium t o  cons ider  f o r  t h i s  d i s t r i b u t i o n  system. 
conten t ,  is r e a d i l y  ava i l ab le  ( in  H20), e a s i l y  t ranspor tab le ,  and eco log ica l ly  at- 
t r a c t i v e .  It can r e a d i l y  be used in var ious  i n d u s t r i e s  such as ammonia synthes is ,  
plywood dry ing ,  g l a s s  making. coa l  hydrogas i f ica t ion .  metal  o r e  reduct ion ,  petroleum 
r e f i n i n g ,  a s  w e l l  a s  f o r  primary heating. The c e n t r a l  problem is how b e s t  t o  make 
use of heat energy from a nuc lear  r eac to r  f o r  t he  decomposition of water. Although 
the  i n d i r e c t  e l e c t r i c a l  g e n r r a t i o n / e l e c t r o l y s i s  rou te  is  t echn ica l ly  f e a s i b l e  i t  is 
i n e f f i c i e n t  (28% present ly ,  4OX u l t ima te ly  may be poss ib le ) .  A more a t t r a c t i v e  
approach from the  thermodynamic viewpoint is t h e  use of a dua l  temperature thermo- 
chemical cyc le  shown schematically by: (M s t ands  f o r  metal o r  compound and, in f a c t ,  
four  o r  more a c t u a l  r eac t ions  may be necessary . )  

Hydrogen i s  a 
It has  a high hea t  

MOx + H20 + MOx+l + H2, a t  temperature T1 

2 MOx+l + (hea t )  + MOx + 112  02, a t  temperature T 

The maximum c y c l i c  e f f i c i ency  of t h i s  process,  from H20 back t o  H20, i s  given simply 
by t h e  Carnot r e l a t i o n ,  (T2 - Tl)/T . 
pera tu re  h e a t  source is evident.  
pe ra tu re  range of 1000DC to  13OO0C, and i f  80% of Carnot e f f i c i ency  can be r e a l i z e d ,  
then an  e f f i c i ency  of 60 t o  65% w i l l  be achievable.  
incent ive  is s u f f i c i e n t  t o  warrant a thorough search. 
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